Introduction 37
Kimberlite pipes contain peridotite xenoliths that were derived from the deep upper 38 mantle (70-250 km) beneath the Archean craton (e.g., Boyd, 1973) . These xenoliths 39 provide constraints on the composition, structure and thermal state of the cratonic upper 40 mantle. The peridotite xenoliths have well developed deformation microstructures and 41
show two textually distinct types: granular and sheared peridotites (e.g., Boyd and 42 Nixon, 1975; Mercier and Nicolas, 1975) . Coarse-grained granular peridotite is 43 commonly considered to represent steady state mantle processes (Green and Gueguen, 44 1974; Harte, 1977) , whereas sheared peridotite displays bimodal grain size (large 45 porphyroclast and fine neoblast) and such transient microstructure is believed to be 46 produced by instantaneous deformation (Green and Gueguen, 1974; Goetze, 1975; 47 (0.30-0.58 wt%) , Al 2 O 3 (0.61-1.02 wt%) and Cr 2 O 3 (0.23-0.47 wt%). The porphyroclast 147 and neoblast orthopyroxenes in the sheared peridotites show similar composition, but 148 the neoblasts are slightly Fe-rich and contain higher CaO. In all samples, orthopyroxene 149 is more magnesium rich than the coexisting olivine, suggesting that the parageneses are 150 chemically equilibrated (Gurney et al. 1979) . Ca concentrations in orthopyroxene show 151 a positive correlation with Fe/Mg ratio, and lowest Ca content is seen in Kim22, which 152 does not contain clinopyroxene (Fig. 5 ). However, no systematic correlation in 153 orthopyroxene compositions was observed between granular and sheared peridotites. 
Pressure and temperature estimates 173
Pressure and temperature conditions were calculated using the geothermobarometer 174 combinations of Finnerty and Boyd (1984) and Brey and Kohler (1990) . In these 175
calculations, temperature estimates were based on the orthopyroxene-clinopyroxene 176 miscibility gap ( Fig. 7 ) and pressures were estimated from the Al solubility in 177 orthopyroxene coexisted with garnet (e.g., McGregor, 1974) . For the sample with no 178 clinopyroxene (Kim22), temperature was calculated using the garnet-orthopyroxene 179
Fe-Mg exchange thermometers (Harley, 1984; Brey and Kohler, 1990) . Mineral 180 chemistry data used in the calculations are averages of core, rim and neoblast analyses 181 of several grains from each of the required mineral species. The results of P-T estimates 182 are summarized in Table 4 . Most minerals are chemically homogeneous and therefore 183
give similar P-T conditions for the core and rim compositions. However, Kim46 shows 184 a significant pressure drop from the core to the rim, since the Al contents in 185 orthopyroxene systematically increase in the rim domains (Table 3) . The chemical 186 compositions of neoblasts are a little scattered, but the averages of P-T estimates are 187 nearly consistent with those of the porphyroclasts. 188
The two different thermobarometer combinations yielded similar equilibration 189 temperatures and pressures: the method of Brey and Kohler (1990) shows slightlyhigher temperatures but lower pressures (Fig. 8) 
Characteristics of the Kimberley peridotite xenoliths 202
The garnet peridotites from Kimberley have two unique features compared to 203 xenoliths from the other kimberlites; (1) no systematic correlation between deformation 204 texture and equilibrium P-T conditions, and (2) depleted chemical compositions of 205 sheared peridotites. The textures of peridotite xenoliths from Lesotho show a good 206 correlation with equilibrium pressures and temperatures (e.g., Boyd and Nixon, 1975) . 207
The porphyroclastic sheared peridotites tend to have a deeper origin (>170 km), 208 whereas most of coarse granular peridotites originated at shallower levels (Fig. 9) . A 209 similar trend between texture and equilibrium P-T conditions is also found in other 210 kimberlites, including Jagersfontein, 200 km north from Kimberley (Jonston, 1973 ),and Jericho, northern Canada (Kopylova et al., 1999 . However, the studied Kimberley 213 peridotites with various deformation textures are restricted to a relatively narrow depth 214 range (120-170 km), and there is no systematic correlation between texture and 215 estimates of equilibrium P-T conditions (Fig. 9 ). This suggests that the sheared 216 peridotites in Kimberley originate from a section of mantle that is represented by less 217 deformed rocks than most other regions. The extensively deformed peridotites in the 218
Matsoku also show relatively low temperatures and a shallower origin (Gurney et al., 219 1975) , whereas sheared peridotites in other Lesotho localities have equilibrium 220 temperatures above 1100 o C and a deeper origin. High temperature sheared peridotites 221 that are commonly found in the other kimberlites are not found in the Kimberley area. 222
However, orthopyroxene megacrysts from Kimberley appear to have higher equilibrium 223 temperatures and pressures than peridotite xenoliths (Boyd and Nixon 1978) . The P-T 224 intervals of these megacrysts are broadly similar to those found in sheared peridotites 225 from northern Lesotho (Boyd and Nixon, 1975) . The pyroxene-ilmenite intergrowth 226 texture and the deep origin of pyroxene megacrysts are considered to be indicative of a 227 crystal-mush origin within a magma chamber (Nixon and Boyd, 1973; Eggler and 228 McCallum, 1976) . 229
The Kimberley peridotites have highly depleted chemical compositions. Fo contents 230 of olivine are ranging from 91 to 94 (Fig. 3) , and modal abundances of clinopyroxene 231 are small, less than 4.7 vol% ( Table 2 ). The cratonic peridotites show different chemical 232 compositional trends that are commonly found in the oceanic mantle (Boyd, 1989) . Thecomparison to the oceanic mantle, where olivine contents are relatively low even in 235 rocks with high olivine Mg number (Fig. 10) (Fig. 5) . Such high sodium and 248 chromium clinopyroxenes can be associated with metasomatic events as are found in 249 metasomatised lherzolites from the Letlhakane kimberlite (Stiefenhofer et al., 1997) . 250
The studied Kimberley peridotites do not contain any phlogopite and amphibole, but the 251 enrichment of orthopyroxene component and the clinopyroxene compositions in sheared 252 peridotites suggest that these rocks have experienced some metasomatic events under 253 mantle conditions. Boyd (1978) reported coarse primary phlogopite in sheared xenoliths 254 from Kimberley, whereas such metasomatisms are not common in high-temperature 255 sheared peridotites in Lesotho. The silica and volatile rich metasomatisms of theKimberley peridotites are also evidenced as orthopyroxene-rich veins (Bell et al., 2005) . 257 258
Origin of the textural variation in the cratonic mantle 259
Cratonic mantle xenoliths show distinct deformation textures, which are also 260 observed in the Kimberley peridotite xenoliths. Several mechanisms have been 261
proposed to produce the textural variations shown in the cratonic upper mantle, 262
including (1) extensive deformation at the lithosphere-asthenosphere boundary, (2) 263 deformation driven by rising mantle diapir, and (3) deformation associated with mantle 264 metasomatism. We review each model and discuss which mechanism is most plausible 265 to create the textural variations of cratonic xenoliths based on our new data. 266
Boyd (1973) recognized that the textural variations are systematically correlated 267 with equilibrium P-T conditions, in which sheared peridotites have a higher pressure 268 and temperature origin than coarse granular peridotites. The palaeogeotherm inferred 269 from the xenolith equilibrium conditions shows an abrupt temperature increase above 270 170 km depth where xenolith textures are dramatically changed (Boyd, 1973; Boyd and 271 Nixon, 1975) . The steeply rising palaeogeotherm represented by extensively deformed 272 peridotites can not be accounted by steady state conditions, and this led to the idea that 273 the high-temperature sheared peridotites are the result of extensive deformation and 274 shear heating at the lithosphere-asthenosphere boundary (Boyd and Nixon, 1975) . 275
Although this model is claimed by Goetze (1975) and Mercier (1979) that the strain 276 heating is an instantaneous process within minutes or days and the deformation 277 microstructures do not record in situ conditions in the cratonic deep mantle, Kennedy etal. (2002) argued that a quasisteady-state shear zone exists where lithosphere and 279 asthenosphere are partially coupled and transitory high strain-rate deformations occur 280 heterogeneously at the boundary. However, the peridotite xenoliths from Kimberley 281 have no systematic correlation between textures and equilibrium P-T conditions (Fig. 8) , 282 and the extensively deformed peridotites are restricted to a relatively shallow depths and 283 lower temperature. This is inconsistent with the above shear-heating model in which 284 deformations occur at greater depth at the bottom of lithosphere. 285
Green and Gueguen (1974) proposed an alternative mechanism where the 286 geothermal inflection and the extensive deformation in the cratonic mantle were caused 287 by upwelling asthenospheric mantle diapirs which may have impinged on the base of 288
lithosphere. In this model, the chemically enriched (undepleted) and high temperature 289 diapir was subjected to deformation at its margins as it rises trough the depleted cratonic 290
lithosphere (Green and Gueguen, 1974) . Important evidence in support of this diapir 291 model is the correlation between textural variations and chemical compositions of 292 peridotite xenoliths; sheared peridotites have a relatively enriched composition whereas 293 granular peridotites are highly depleted as found in xenoliths from Lesotho (Boyd, 294
The final model suggests that the textural variations in cratonic mantle are 301 associated with mantle metasomatism (Ehrenberg, 1979; Gurney and Harte, 1980) . The 302 similar depth origin of the extensively sheared and coarse granular peridotites at 303
Kimberley suggests large local variations of deformation. Such differences in the degree 304 of deformation might be due to hydrolytic weakening since water has a marked effect 305 on the rock strength and it can be locally distributed in the cratonic mantle as a result of 306 metasomatic fluid (or melt) infiltrations. We calculated strain-rate profile in the cratonic 307 lithosphere using grain-size piezometer (van der Wal et al., 1993) and olivine flow low 308 (Karato and Jung, 2003) . The results of granular peridotites follow the steady state 309 strain-rate curve that are found in the Kaapvaal craton (Mercier, 1979) , whereas sheared 310 peridotites have significant faster strain-rates and hence lower viscosity (Fig. 11) . Water 311 can drastically change strain-rate of olivine-rich mantle rocks (Chopra and Paterson, 312 1984; Mei and Kohlstedt, 2000; Karato and Jung, 2003) , and therefore the pronounced 313 weakening observed in the cratonic lithosphere is most likely attributed to localized 314 high water flux. Drury and van Roermund (1989) found evidence for thin fluid films 315 along grain boundaries in kimberlite xenoliths, suggesting fluid assisted 316 recrystallization in the cratonic upper mantle. Our recent analyses of dominant olivine 317 slip systems in peridotite xenoliths are also consistent with the intense deformation 318 accompanied at high water contents (Katayama et al., 2008) . Although the studied 319 peridotite xenoliths have little evidence for metasomatism, sheared peridotites have high 320 abundance of orthopyroxene (Fig. 10) and sodium-rich clinopyroxenes (Fig. 6 ) that can 321 be associated with fluid/melt metasomatism. Kelemen et al. (1998) in Kaapvaal craton (Mercier, 1979) , whereas sheared peridotites have significantly 528 faster strain-rate (hence lower viscosity). Such abrupt changes of the rock strength could 529 be caused by the hydrolytic weakening due to fluid/melt metasomatism. 530 (Harley 1984; Brey and Kohler 1990) . Number in parenthesis is one standard deviation of the calculated pressure and temperature. Kaapvaal craton (Mercier 1979) 
